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The mouse mammary tumor virus (MMTV) superantigen (Sag) protein is involved in the transmission of milk-borne MMTV
from virus-infected milk in the gut to the target mammary gland tissue. Using an RT–PCR assay for in vivo MMTV infection,
BALB/c or C3H mice nursed on C3H MMTV-infected mothers showed sag mRNA expression in intestine, spleen, and thymus
as early as 1 day after infection, whereas uninfected BALB/c control animals had approximately 10- to 30-fold lower sag
expression. Further fractionation experiments with small intestine indicated that sag expression occurred in gut-associated
lymphoid cells. Restriction enzyme digestion of PCR products indicated that the sag mRNA detected was derived from the
endogenous MMTVs, and sequencing analysis confirmed that the PCR products were derived from endogenous Mtv-6.
Expression of C3H-specific mRNA was detectable in BALB/cfC3H or C3H tissues by RNase protection or by RT–PCR.
Endogenous MMTV sag expression was low in spleen and undetectable in thymocytes of C3H MMTV-infected C57BL/6
mice, a strain resistant to C3H MMTV tumorigenesis and defective for MHC class II I-E molecules. The RT–PCR assay for
sag mRNA appears to measure the Sag-induced stimulation previously predicted for milk-borne MMTV infection. Together
these data suggest that exogenous MMTV sag expression is minimal, but sufficient to rapidly stimulate transcription of
endogenous MMTV sag mRNA in B- and T-cells in an MHC class II I-E-dependent manner. The endogenous sag expression
on maternal lymphocytes may increase the number of proliferating T-cells available for milk-borne MMTV infection. q 1996
Academic Press, Inc.
INTRODUCTION and T-cells, but not B-cells, macrophages, or NK cells,
could transmit virus to the mammary gland (Tsubura et
Mouse mammary tumor virus (MMTV) is transmitted
al., 1988). Moreover, a decrease of Sag-reactive T-cells
naturally in one of two ways. First, integrated proviruses
specific for milk-borne virus was sufficient to significantly
in the germline of most inbred mouse strains are passed
delay exogenous MMTV infection and tumorigenesis by
from parent to offspring by classical Mendelian genetics
virus of the same strain (Golovkina et al., 1992, 1993;
(Cohen and Varmus, 1979). Many of these proviruses are
Held et al., 1993a,b).
defective for viral transcription or viral particle production
Because T-cells are required for milk-transmitted viral
(Kozak et al., 1987). Second, virus produced in the milk of
infection, and because T-cells have been shown to prolif-
MMTV-infected mothers is transmitted to newborn mice
erate in response to appropriate antigen-presenting
through nursing (reviewed in Dudley, 1994). The MMTV
cells, it has been assumed that B-cells, macrophages,
superantigen (Sag) protein has been shown to play a or dendritic cells are the cells infected initially by MMTV.
role in the latter process in which T-cells and B-cells are Indeed, recent data have indicated that MMTV infects
a necessary intermediate in the transmission of milk- both B- and T-cells, and B-cells, CD4/ T-cells, and CD8/
borne virus from the gut to the mammary gland (Beutner T-cells can transmit MMTV to uninfected animals (Beu-
et al., 1994; Golovkina et al., 1992; Held et al., 1993a,b). tner et al., 1994; Held et al., 1993a; Waanders et al., 1993).
Details of the milk-borne MMTV life cycle are sketchy T-cells appear to lack MHC class II expression that is
(Held et al., 1994). Early studies showed that thymectomy necessary for Sag presentation and, therefore, would be
increased the latent period and decreased the incidence incapable of directing Sag-mediated T-cell proliferation
of mammary tumors induced by milk-borne MMTV (Hansen et al., 1993). Studies of endogenous MMTV ex-
(Squartini et al., 1970). Later experiments with nude mice pression suggested that B-cells, but not macrophages
also supported a role for T-cells in the MMTV life cycle, or dendritic cells, are positive for sag mRNA (Jarvis et
al., 1994). Experiments showing that B-cell-deficient mice
Sequence data from this article have been deposited with the Gen- infected by C3H MMTV were unable to transmit virus to
Bank Data Library under Accession Nos. U40459, U40460, and U40461. their offspring supported a critical role for B-cells in1 To whom correspondence and reprint requests should be ad-
MMTV infection (Beutner et al., 1994).dressed at the Department of Microbiology, ESB 226, University of
We have used an RT–PCR assay to monitor sag ex-Texas at Austin, Austin, TX 78712-1095. Fax: (512) 471-7088. E-mail:
jdudley@uts.cc.utexas.edu. pression during milk-borne transmission of C3H MMTV.
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These results indicate that endogenous MMTV sag ex- RNase protection assays
pression is induced by exogenous C3H virus infection
RNase protection assays were performed essentiallyin gut-associated lymphoid cells, probably due to Sag-
as described by Yang and Dudley (1992) except thatinduced lymphoid cell proliferation, and that this induc-
hybridizations were performed at 567. The riboprobe wastion is enhanced by MHC class II I-E molecules.
derived from the Sau3A fragment (0455 to 0116) that
spans the LTR polymorphic region (Golovkina et al.,
MATERIALS AND METHODS 1994).
Mice RT–PCR analysis
Reverse transcriptase reactions contained 50 mMC57BL/6J (B6) and BALB/cJ mice were obtained from
Jackson Laboratories (Bar Harbor, ME), whereas C3H/ Tris–HCl, pH 8.3, 75 mM KCl, 10 mM DTT, 3 mM MgCl2 ,
0.5 mM deoxynucleotide triphosphates, 600–960 ng oli-HeN MTV/ mice were obtained from Harlan–Sprague –
Dawley. Mice were bred and maintained at the Animal go(dT)(12–17) primer, 20 mg of total RNA, 20 U RNasin
(Promega Corp., Madison, WI), and 500 U Moloney mu-Resources Center at the University of Texas at Austin.
Newborn animals were foster nursed on C3H/HeN moth- rine leukemia virus reverse transcriptase (Bethesda Re-
search Laboratories) in a total volume of 50 ml. Samplesers within 3 days of birth.
were incubated at 377 for 1 hr prior to extraction with
phenol:chloroform:isoamyl alcohol (25:24:1) and ethanolScreening of the cDNA library and DNA sequencing
precipitation. One-quarter of the cDNA preparation was
used in a 50-ml reaction containing 50 mM KCl, 50 mMThe cDNA library was prepared from the thymus of a
B6 1 CBA 6- to 8-week-old female mouse in the Lambda N-(2-hydroxyethyl)piperazine-N*-(ethanesulfonic acid),
pH 7.9, 0.2 mM deoxynucleotide triphosphates, 2–3 mMZAP vector (Stratagene, La Jolla, CA). The library was
plated at 50,000 PFU/150-mm plate, replica plated onto MgCl2 , 50 pmol of each primer, and approximately 2.5 U
of Taq polymerase. In some reactions Deep Vent Poly-nitrocellulose, and hybridized to an MMTV LTR probe p8-
29 (Dudley and Varmus, 1981) essentially as described merase (New England Biolabs, Beverly, MA) (2 U) and 6
mM magnesium sulfate were used. Each primer set waspreviously (Dudley, 1988). Positive clones were plaque
purified four times and then excised from the l bacterio- optimized for magnesium salt concentration and for cy-
cling conditions that maximized specificity and yield us-phage vector by coinfection with an f1 phage (R408) as
indicated by Stratagene. The resulting plasmid (pBlue- ing a control DNA template. Reactions for sag mRNA
were heated at 937 for 5 min prior to 40 cycles of denatur-script) clones were subjected to double-stranded DNA
sequencing by the dideoxynucleotide method using a kit ation at 937 for 1.5 min, annealing at 577 for 1 min, and
polymerization at 727 for 1 min in a Coy Model 60 Temp-obtained from U.S. Biochemicals (Cleveland, OH).
cycler (Coy Laboratory Products, Ann Arbor, MI). Reac-
tions for GAPDH mRNA were performed similarly exceptExtraction of RNA
that 5 cycles were performed at 947 for 1.5 min, 557 for
1.5 min, and 727 for 3 min, and then 25 cycles wereTissues were removed, placed in ice-cold phosphate-
buffered saline (PBS), pH 7.4, and then excess blood and performed at 947 for 1.5 min, 507 for 1.5 min, and 727 for
3 min. PCR products (usually one-fifth of each reaction)blood clots were removed by rinsing and with forceps.
RNA was extracted from A20 cells (Kim et al., 1979) and were analyzed on 2% agarose gels followed by ethidium
bromide staining. Approximately 1/20 to 1/40 of cDNAmouse tissues by the single-step guanidinium method as
described (Kingston et al., 1991) except that an ethanol samples was used for PCR with GAPDH primers in the
figures shown. Equivalent results also were obtained ifprecipitation was used instead of the isopropanol precip-
itation. DNA and low-molecular-weight RNAs were re- larger dilutions (1/3200) of cDNA were used in PCRs with
GAPDH primers. Primers for sag mRNA are numberedmoved from samples by precipitation in 3 M sodium ace-
tate, pH 6.0 (Palmiter, 1974). RNA levels were quantitated from the 5* base according to the sequence of Majors
and Varmus (1983); 5* primers are designated (/) andby absorbance readings at 260 nm, and ethidium bro-
mide staining of ribosomal RNA in denaturing agarose 3* primers are designated (0). The direction of priming
is indicated in Fig. 1. The primers used for sag mRNAgels was used to verify absorbance readings in quantita-
tion experiments. RNA was extracted from XC cells elec- were 5* GTGAATTCCATCACAAGAGCGGAACGGAC 3*
(230/ or primer A) and 5* GAGGTTGAGCGTCTCTTTCT-troporated with the infectious MMTV hybrid provirus
(Shackleford and Varmus, 1988) as described previously ATT 3* (28240 or primer B). The LTR 230/ primer (primer
A) also gave a product with a 3* primer in the U3 polymor-(Yang and Dudley, 1992). RNA was extracted from C3H
milk virus according to Golovkina et al. (1994), except phic region: 5* CTCCTTGGTATGGAAAATCTTTCC 3*
(31970 or primer C). A C3H-specific 3* primer (5* TGG-that virus was purified over a 30% sucrose cushion prior
to extraction. GAACCGCAAGGTTGGGCCA 3*) (32920 or primer D)
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FIG. 1. Location of PCR primers and proposed sag mRNA start sites on the MMTV genome. The top line represents an integrated MMTV provirus,
and the shaded boxes refer to the viral LTRs. Each of the arrows below this line depict the standard MMTV mRNA structure and a proposed sag
mRNA structure initiating from a U3 promoter (Gunzberg et al., 1993). Arrowheads on the mRNA indicate the major primers used for sag-specific
PCR or for PCR used to detect all the MMTV RNAs. The plus or minus positions are indicated relative to the first base of the R region (/1). The
vertical arrowheads indicate the position of splice donor (sd) or splice acceptor (sa) site for sag mRNA on each of the proposed structures. The
position of the envelope mRNA splice acceptor is not shown.
also was used in combination with 230/ primer. A sec- cytes) for RNA extraction and accurate optical density
measurements.ond plus-strand primer (2460/ or primer E) (5* GGCATA-
GCTCTGCTTTGC 3*) was used to detect all MMTV
mRNAs. Primers used for CD45 mRNA were 5* GAGACC- RESULTS
AGGAAGTCTGTGCTCAGTA 3* and 5* CGCAGAACCATT-
Cloning of sag cDNAGGCAGCATGTTCT 3* (sequence derived from Saga et
al., 1986, and Thomas et al., 1987). These primers were To confirm the splice junction of sag cDNA, two cDNAs
designed to detect all major CD45 isoforms (Raschke, of 2.5 and 1.5 kb were cloned from a thymic cDNA library
1987; Thomas et al., 1987). Primers used for GAPDH by hybridization to an MMTV LTR probe. The larger clone
mRNA were 5* CATGTTTGTGATGGGTGTGAACCA 3* did not contain the splice site previously described for
and 5* GTTGCTGTAGCCGTATTCATTGTC 3* (sequence sag mRNA, and this cDNA is likely to be a truncated
derived from Sabath et al., 1990). Primers for k mRNA transcript of the gag–pol or env mRNAs. However, the
were 5* GCTGATGCTGCACCAACTGTATCCA 3* and 5* 1.5-kb cDNA had the predicted splice junction just 5* to
CTCATTCCTGTTGAAGCTCTTGAC 3* (sequence was de- the sag coding sequences (Fig. 2), and this site differed
rived from Hieter et al., 1980). Conditions for k and CD45 significantly from the splice junction described for an
RT–PCR were 947 for 1.5 min, 507 for 1.5 min, and 727 RNA initiated in the env region of deleted MMTV provi-
for 3 min (30 cycles). Primers used for mouse cytokeratin ruses acquired in EL4 cells (Elliott et al., 1988). The 5*
19 were 5* GAGGTGAAGATCCGCGACTG 3* and 5* GCT- structure of the 1.5-kb cDNA ended 9 bases after the
GGTAGCTCAGATGGCCTT 3* according to sequence R/U5 border, suggesting premature termination during
from Ichinose et al. (1989). Reactions were performed as reverse transcription. Therefore, analysis of this sag
for GAPDH except that 35 cycles were used at 507. RT – clone did not distinguish between mRNA initiated at the
PCR products were cloned using the TA cloning kit (In- U3/R junction and mRNA initiated from a novel U3 pro-
vitrogen, San Diego, CA) and sequenced as described moter (Gunzberg et al., 1993). However, the splice junc-
above. tion observed for sag mRNA was consistent with previ-
ous reports (van Ooyen et al., 1983; Wheeler et al., 1983;
Cell fractionation Cho et al., 1995).
Intestines from four to six 1-week-old C3H mice were Detection of endogenous sag mRNA after milk-borne
pooled, veins were removed, and the intestines were MMTV infection in vivo
opened lengthwise with scissors. After rinsing with PBS,
tissues were cut into small pieces, and epithelial cells Knowledge of sag mRNA structure was used to investi-
gate sag expression during milk-borne MMTV infection.were dissociated in PBS containing 1 mM EDTA, 1 mM
EGTA, and 0.5 mM DTT (Nguyen et al., 1993). Cells were RNA was extracted from tissues of 1-week-old C3H-in-
fected mice and subjected to RT–PCR with primers Adissociated at room temperature for 40 min with moder-
ate stirring, passed through double-layered cheesecloth, and B (Fig. 1). The expected band of 661 bp was detected
in spleen, thymus, and intestine, but not in brain, heart,pelleted, and resuspended in PBS. Cells were layered
onto a step gradient of 30–60% Percoll (Sigma Chemical liver, lung, stomach, or kidney (Fig. 3A). The same cDNA
preparations were used in RT–PCR assays with primersCo.). Epithelial cells at the 0–30% interface (Davies and
Parrott, 1981) were extracted for RNA. Insufficient mate- for the phosphatase CD45 to monitor the degree of con-
tamination with lymphoid cells. The CD45 enzyme isrial was obtained from the 40–50% interface (lympho-
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FIG. 2. Sequence of a sag cDNA clone and RT–PCR products. The entire sequence of a sag cDNA clone obtained from a mouse thymic cDNA
library is given and has been compared to the sequence of sag mRNA previously predicted for C3H MMTV (Majors and Varmus, 1983; Brandt-
Carlson et al., 1993) and endogenous Mtv-6 from WLC-6 mice (Cho et al., 1995) as well as a partial sequence of Mtv-17 (Brandt-Carlson et al.,
1993). The junctions of U5, U3, and R are shown by the arrows, and the splice junction is indicated by a vertical line. The proposed translational
start is shown by an arrow, and the polyadenylation site is underlined. The cDNA obtained with 4-week-old C3H spleen RNA was used for PCR
with primers A and B, and the products were cloned. The sequence of three independent RT–PCR clones (C3H clones) and the cDNA clone
revealed that the sequence retained the polymorphisms typical of endogenous Mtv-6. Dots show identity between sequences, and dashes indicate
the absence of specific bases. Note that the ClaI site starting at /694 is absent from the RT–PCR products. Five RT–PCR clones derived from
intestinal RNA of 3-week-old B6 mice fostered on C3H mothers (B6 clones) showed the sequence polymorphisms of endogenous Mtv-17.
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FIG. 2—Continued
known to be expressed in hematopoietic cells with the sociated small intestine from 1-week-old mice into single
cells, and then purified the epithelial cells on a Percollexception of those in the erythroid lineage (Raschke,
1987; Thomas et al., 1987). As expected, spleen and thy- gradient according to published procedures (Davies and
Parrott, 1981; Nguyen et al., 1993) (Fig. 4). RNA was ex-mus were positive for the CD45-specific product,
whereas some intestinal cell preparations were negative tracted from the unfractionated gut or purified epithelial
cells and then used for RT–PCR with primers for sag or(Fig. 3B). We found that many tissues were positive for
sag mRNA except when extreme care was taken to avoid lymphoid-specific marker genes. These results showed
that sag, CD45, and k immunoglobulin chain expressionblood cell contamination. The integrity of all cDNA prepa-
rations was verified using primers for the relatively ubiq- were undetectable in purified gut epithelial cells,
whereas equivalent amounts of RNA gave similaruitous enzyme GAPDH (Fig. 3C).
To determine whether the expression of sag in small GAPDH expression in both samples. Furthermore, RT–
PCR assays for the cytokeratin 19 gene, a marker spe-intestine was the result of sag transcription in gut-associ-
ated lymphoid cells, gut epithelial cells, or both, we dis- cific for epithelial cells (Ichinose et al., 1989), indicated
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To confirm the origin of the observed sag PCR prod-
ucts, we digested these products with PstI, an enzyme
that should cleave all described sag DNAs near the 5*
end of LTR U3 sequences, and ClaI, an enzyme that
cleaves only sag products derived from the C3H LTR
sequences due to a strain-specific polymorphism
(Brandt-Carlson et al., 1993). To our surprise, the ob-
served PCR products were not cleaved by ClaI to give
products of 447 and 187 bp (Fig. 5A, lanes 2 and 3).
Failure to observe ClaI cleavage was not the result of
digestion conditions since a 1.4-kb PstI fragment from a
C3H LTR plasmid was cleaved under the same condi-
tions (lane 1). Moreover, plasmid DNA containing a C3H
LTR was cut by ClaI when included during PCR product
digestion (Fig. 5B). All products were cleaved by PstI to
give the predicted 507-bp fragment (Fig. 5B, lanes 3 and
5). We also used a different 3* primer (primer C, Fig. 1)
to generate a longer PCR product. This product was not
cleaved by MunI, an enzyme previously shown to specifi-
cally detect integrated C3H MMTV DNA (Beutner et al.,
1994) (data not shown).FIG. 3. Sag mRNA expression in 1-week-old C3H mice. (A) RT–PCR
Subsequently, RNA was isolated from the milk offor sag mRNA using cDNAs derived from MMTV-infected tissues (three
MMTV-infected C3H mice, subjected to RT–PCR for totalmice). Lane 1, marker (M) HaeIII-digested fX174 DNA; lane 2, no tem-
plate (NT) added to reaction. Lanes 3–11 show the results of PCRs viral RNA using primer E and a primer specific for C3H
with cDNAs derived from various infected tissues: lane 3, brain (BR); MMTV (primer D, Fig. 1), and digested with ClaI (Fig. 5D).
lane 4, heart (HT); lane 5, intestine (large and small) (IN); lane 6, kidney As expected, a product of 833 bp was observed in the
(KD); lane 7, liver (LV); lane 8, lung (LU); lane 9, spleen (SP); lane 10,
absence of ClaI digestion (lane 3), whereas a 656-bpstomach (ST); lane 11, thymus (TH). RT–PCR products were synthe-
product was observed following enzyme digestion (lanesized using primers A and B. (B) RT–PCR for CD45 mRNA. Lanes are
the same as for A. (C) RT–PCR for GAPDH mRNA. Lanes are the same 4). The C3H-specific PCR product also was cleaved with
as for A. MunI as anticipated (data not shown). Efforts to detect
C3H sag mRNA using a 3* primer (primer D, Fig. 1) spe-
cific for the C3H polymorphic region and the 5* primerthat the Percoll gradient had enriched for epithelial cells
used to detect endogenous MMTV sag mRNA (primer A)compared to the unfractionated material (Fig. 4, compare
have not been successful despite our observations thatlanes 14 and 15). These data indicated that the fraction-
Vb14/ (C3H-cognate) T-cells are deleted in these miceation provided an enrichment for epithelial cells and that
(data not shown). However, preliminary experimentssag expression was not detectable in purified gut epithe-
have indicated low-level C3H-specific sag transcriptionlial cells. Thus, it appears that gut-associated lymphoid
cells expressed sag mRNA following MMTV infection. from a recently described promoter in the env region
FIG. 4. Detection of sag expression in fractionated and unfractionated intestinal cells. RNAs from unfractionated small intestine (IN) (lanes 3, 6,
8, 10, 15, and 16) or intestinal epithelial (EP) cells purified by Percoll gradient centrifugation (lanes 4, 7, 9, 11, and 14) were subjected to RT–PCR
using primers for sag (primers A and B) (lanes 2–5), GAPDH (lanes 6 and 7), CD45 (lanes 8 and 9), k immunoglobulin chain (lanes 10 and 11), or
cytokeratin 19 (lanes 13–17) as described under Materials and Methods. Lane 1 shows HaeIII-digested fX174 DNA and lanes 2 and 13 show RT–
PCRs without added template. Intestinal RNA from 1-week-old MMTV-infected C3H mice was used for reactions in lanes 3, 4, 6–11, 14, and 15,
and intestinal RNA from 1-week-old MMTV-infected BALB/c mice was used for the reaction in lane 16. Spleen RNA from 1-week-old C3H mice was
used as control for sag expression (lane 5) and A20 B-cell lymphoma RNA was used as a negative control for cytokeratin 19 expression (lane 17).
Lane 12 shows a digest of pUC19 DNA.
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dicted endogenous Mtv-6 sag sequence (Cho et al., 1995)
with the exception of two positions, whereas the C3H
sequence differed from the cloned products at each of 24
bases in this region. Analysis of the 5* end of the clones
showed the expected splice junction for sag mRNA.
BALB/c mice (a low mammary cancer incidence strain
known to lack milk-borne MMTV) (Hilgers and Bentvel-
zen, 1978) also were nursed on C3H-infected mothers to
monitor the course of sag induction during MMTV infec-
tion. These animals, like the C3H-infected mice, were
positive for sag mRNA at 1 week in thymus, spleen, and
intestine (Fig. 6A), whereas all tissues were positive for
GAPDH mRNA (Fig. 6C). The PCR products were not
detected in uninfected BALB/c mice (Fig. 6B), and restric-
tion enzyme digestions of PCR products from infected
animals showed that the sag RNA was from endogenous
MMTVs (Fig. 5A, lane 3). Thus, sag mRNA from endoge-
FIG. 5. Restriction enzyme digestion of sag-specific RT–PCR prod-
ucts. (A) Thymic RNA from BALB/c mice foster-nursed on C3H mothers
for 1 day (five mice) (lane 2) or 3-week-old C3H mice (three animals)
(lane 3) was used for RT–PCR with primers A and B. The products
were purified on SeaPlaque agarose gels and then digested with ClaI.
The 1.4-kb PstI fragment containing the C3H LTR also was purified as
a digestion control (lane 1). Digestion of the 1.4-kb fragment with ClaI
gives products of approximately 320 and 1100 bp. (B) Thymus or spleen
RNAs extracted from 3-week-old C3H mice (two animals) were used
for RT–PCR with primers A and B, and the gel-purified products were
digested with ClaI (lanes 2 and 4) or PstI (lanes 3 and 5). A plasmid
containing the C3H LTR in pUC9 was added as a digestion control in
all samples. Digestion with ClaI gives a single 4.1-kb fragment, whereas
PstI gives digestion products of 1.4 and 2.7 kb. (C) Small intestine RNA
extracted from B6 mice (three animals) infected for 9 days with C3H
MMTV was used for RT–PCR with primers A and B. RT–PCR products
were digested with ClaI (lane 2) or PstI (lane 3). Plasmid DNA was
included in lane 2 as a digestion control. Tissue designations are
spleen (SP), small intestine (SI), and thymus (TH). (D) Virion RNA ex-
tracted from C3H milk was used for RT–PCR with primers D and E
(lane 3). PCR products also were cut with ClaI using plasmid DNA as
a digestion control (lane 4). The smaller of the expected digestion FIG. 6. Sag expression in 1-week-old infected and uninfected BALB/
products was run off of the gel. PCR without added template is shown c mice. (A) RT–PCR for sag mRNA using primers A and B in BALB/c
in lane 2. Marker DNAs (M) were either HaeIII-digested fX174 DNA mice infected by C3H MMTV. PCRs contained no template (NT) (lane
(A and C) or digests of pUC19 DNA (B and D). 1) or cDNAs derived from various MMTV-infected tissues (lanes 3–10).
The infected tissues from the two mice analyzed were brain (BR), heart
(HT), small intestine (SI), kidney (KD), liver (LV), lung (LU), spleen (SP),(Elliott et al., 1988; L. Xu et al., manuscript in preparation).
stomach (ST), and thymus (TH). Lane 11 contains the marker HaeIII-
Together these data suggested that the majority of sag digested fX174 DNA. The sag RNA in lung apparently is due to
expression following milk-borne MMTV infection was de- lymphoid cell contamination. (B) RT–PCR for sag mRNA (primers A and
B) in tissues from uninfected 1-week-old BALB/c (lanes 3–5) and 9-rived from the transcription of endogenous MMTVs.
day-old B6 (lanes 6–8) mice. Two to three animals each were usedTo confirm that the sag-specific PCR product from prim-
for RNA extractions. Lane 9 shows RT–PCR on RNA derived from 3-ers A and B was derived from endogenous MMTV, the
week-old C3H MMTV-infected spleen. Other lane designations are the
product was cloned, and the three clones were analyzed same as for A. (C) RT–PCR for GAPDH mRNA in 1-week-old BALB/
by sequencing (Fig. 2; C3H clones). The sequence of all cfC3H mice (lanes 3–11) and uninfected BALB/c mice (lanes 12–14).
Other lane designations are the same as for A.clones lacked the ClaI site and was identical to the pre-
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could not detect C3H or endogenous MMTV expression
in the spleen or thymus of 1-week-old animals due to
the lower sensitivity of this assay compared to RT–PCR,
endogenous MMTV expression (as detected by frag-
ments of 122 and 105 bp) was observed in both unin-
fected and infected BALB/c mammary gland (lanes 7 and
8). As expected, the C3H-specific fragment of 350 bp was
detected only in C3H MMTV-infected BALB/c mammary
gland (lane 8).
Sag expression in B6 mice
The B6 mouse strain is known to be defective for the
a chain of the MHC class II I-E molecule, and functional
I-E molecules are required for Sag presentation to T-
cells (Jouvin-Marche et al., 1992). Moreover, B6 mice are
resistant to C3H MMTV infection, and this resistance can
be overcome in B6 mice that have an I-E a chainFIG. 7. Endogenous MMTV induction is detected 1 day after infection.
transgene (Pucillo et al., 1993). To determine the block(A) RNA extracted from BALB/c mice foster-nursed on MMTV-infected
C3H mothers for 1 day (five mice) (lanes 2–5) or 2 days (four mice) to MMTV infection at the tissue level, we nursed B6 pups
(lanes 6–9) and used for RT–PCR with primers A and B (Fig. 1). RNA on C3H MMTV-infected mothers. Animals examined at
from 3-week-old infected C3H spleen was used as a control (lane 10).
9 days after infection showed sag expression in smallLane 1 contains HaeIII-digested fX174 DNA. The tissues analyzed
intestine and spleen, but not in liver, thymus, or largewere intestine (IN), liver (LV), spleen (SP), and thymus (TH). (B) RT–
intestine (Fig. 9A). Earlier time points were not testedPCR for GAPDH mRNA for BALB/c mice nursed on MMTV-infected
mothers for 1 or 2 days. because of the low level of sag expression compared to
BALB/c or C3H mice. Uninfected B6 tissues were uni-
formly negative for sag mRNA, and both uninfected andnous MMTV is induced by C3H exogenous virus infection
infected tissues had readily detectable levels of GAPDHin BALB/c mice. Analysis of increased amounts of PCR
RNA (Figs. 6B, 9B, 9C, and data not shown). However,products from uninfected BALB/c mice allowed detection
dilution of PCR samples or use of different dilutions ofof endogenous sag mRNA; however, the level of this RNA
was 10- to 30-fold less than the amount observed in
the spleen or thymus of MMTV-infected BALB/c mice as
determined by twofold serial dilutions of PCR products
or dilutions of cDNA products added to PCRs (data not
shown).
RT–PCR also was used to follow the kinetics of MMTV
sag expression. Samples were obtained from BALB/c
mice at 1 and 2 days after foster nursing on C3H MMTV-
infected mothers (Fig. 7). The presence of sag mRNA
was detected in intestine, thymus, and spleen, but not in
liver, as early as 1 day after ingestion of virus-infected
milk (Fig. 7A, lanes 2–5). However, by 2 days after nurs-
ing on MMTV-infected mothers, induction of sag expres-
sion also was detectable in liver (Fig. 7A). Similar results
were observed at 4 days after milk-borne infection of
C3H mice (data not shown). Low-level expression in liver
FIG. 8. RNase protection assay for C3H MMTV infection of BALB/cwas not always observed, presumably due to variable
mice. RNA (40 mg) extracted from 1-week-old spleen (lanes 3 and 4)lymphoid cell contamination. These results suggested
or thymus (lanes 5 and 6) or from 11-month-old (lane 7) or 4-month-
that milk-borne MMTV infection results in a rapid induc- old (lane 8) mammary gland was subjected to RNase protection assays
tion of endogenous sag RNAs. using a C3H MMTV riboprobe. RNA from MMTV-transfected XC cells
(lane 2) (20 mg) and yeast RNA (lane 9) were used as positive andTo confirm that C3H MMTV was transmitted to BALB/
negative controls, respectively. All reactions were adjusted to a totalc mice, RNA extracted from the spleen, thymus, and lac-
of 50 mg of RNA with yeast RNA prior to hybridization. RNA from unin-tating mammary gland of uninfected and infected BALB/
fected mice was used for lanes 3, 5, and 7, whereas RNA from C3H
c mice was used in RNase protection assays with a MMTV-infected mice was used for lanes 4, 6, and 8. A labeled marker
probe that could distinguish between transcription of en- is shown in lane 1. The darkened area in lane 3 is an artifact obtained
during processing of the autoradiogram.dogenous and exogenous MMTV (Fig. 8). Although we
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has not been observed in vivo after natural milk-borne
virus infection (Waanders et al., 1993). We have con-
firmed the use of the previously described splice ac-
ceptor and donor sites for sag mRNA (van Ooyen et al.,
1983; Wheeler et al., 1983) (Fig. 2) to develop an RT–
PCR assay that likely measures Sag-induced lymphoid
cell proliferation in vivo following milk-borne MMTV infec-
tion. Although we have not directly measured cell prolif-
eration, induction of MMTV RNA synthesis is easily mea-
sured in cell lines that are proliferating rapidly or in B-
cells that have been treated with lipopolysaccharide
(LPS) (see below) (King et al., 1990; Lund et al., 1993).
This effect was dependent on MMTV infection since sag
mRNA levels were extremely low when BALB/c or B6
mice were nursed on their own mothers (Fig. 7B). We
detected induction of sag mRNA as early as 1 day follow-
ing infection of BALB/c mice. Thus, this RT–PCR assayFIG. 9. Sag expression in C3H MMTV-infected B6 mice. (A) RT–PCR
appears to be the most sensitive assay available forfor sag mRNA (primers A and B) using RNA from 8-day-old B6 mice
(lanes 3–7) or 9-day-old C3H MMTV-infected B6 mice (lanes 8–12). exogenous MMTV infection, and it may be useful for
Tissues analyzed included small gut (SG), large gut (LG), liver (LV), detecting evidence of exogenous Sag function in in-
spleen (SP), and thymus (TH). Lane 1 contains the marker (M) HaeIII- stances where the T-cell receptor specificity is unknown.
digested fX174 DNA and lane 2 shows the results of PCR without
The sag RNA induced early after MMTV infection origi-added template. (B) RT–PCR for GAPDH mRNA on the same cDNA
nated from endogenous MMTVs since the RT–PCR prod-samples used in A. Other designations are the same as those used
in A. (C) RT–PCR for sag mRNA (primers A and B) in 3-week-old B6 uct could be cleaved by PstI, but not by ClaI or MunI
mice infected by C3H MMTV (lanes 3–7) and RT–PCR for GAPDH (Fig. 5 and data not shown). Sequencing of three sag-
mRNA on the same cDNA preparations (lanes 10–14). Other designa- specific RT–PCR products from C3H mice indicated
tions are the same as those used in A.
identity with the endogenous Mtv-6 provirus (Fig. 6). How-
ever, C3H MMTV-specific expression was detected eas-
ily in mammary glands of infected mice (Fig. 8, lane 8)cDNA for PCR indicated that there was approximately
and in virus extracted from C3H milk (Fig. 5D). Previousfourfold induction of sag mRNA in the gut of MMTV-
data have shown that expression of endogenous virusesinfected B6 mice (not shown).
(particularly Mtv-9) can be detected in B-cell lymphomasIt is conceivable that thymic tissue from B6 mice ex-
and hybridomas, and that expression can be induced bypresses sag mRNA, but that the kinetics of expression
the addition of either LPS or steroid hormones such asis slower than that seen in C3H or BALB/c mice. How-
dexamethasone (King et al., 1990). We also can detectever, 3-week-old thymus from B6 mice had no detectable
bands consistent with Mtv-6 and Mtv-9 or 8 expressionsag mRNA (Fig. 9C). The PCR products from infected B6
in a BALB/c B-cell lymphoma (A20) by RNase protectionspleens of different ages appeared similar in quantity
assays (unpublished data). Proliferation of B-cells ap-and were not digested by ClaI, demonstrating that these
pears to be required for induction of sag mRNA sinceproducts originated from endogenous MMTVs (Fig. 5C).
activated B-cells show the highest level of MMTV infec-Cloning and sequencing of five RT–PCR products from
tion (Held et al., 1993a; King et al., 1990; Lund et al.,3-week-old B6 intestinal RNA showed that the sag ex-
1993).pression resulted from the endogenous Mtv-17 provirus
It has been reported that there is competition for MHC(Fig. 2; B6 clones). These results indicated that B6 mice
class II molecules between endogenous Sags and Sagare defective for the production of endogenous sag
molecules made from transfected sag genes (Lund et al.,mRNA in thymocytes following milk-borne C3H MMTV
1993). Because C3H sag mRNA is transcribed at a lowinfection.
level (L. Xu et al., manuscript in preparation), it appears
that competition with induced endogenous Sags for classDISCUSSION
II protein binding would be a disadvantage for milk-borne
virus establishment of host infection. An alternative viewTransmission of MMTV from infected milk in the gut
to target cells in the mammary gland requires B- and T- is that endogenous sag mRNA expression simply is an
indirect consequence of Sag-induced cell proliferation orcells (Beutner et al., 1994; Golovkina et al., 1992; Held et
al., 1993a,b). MMTV Sag at the surface of infected B-cells signaling mechanisms. For example, it has been shown
that bacterial superantigens induce the production of ste-in conjunction with MHC class II interacts with the T-cell
receptor, resulting in T-cell proliferation that has been roid hormones in vivo (Gonzalo et al., 1993), and it is
clear that steroid hormones increase MMTV transcriptionobserved in vitro (Choi et al., 1991). T-cell proliferation
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via the hormone response element in the viral promoter proliferation (Pucillo et al., 1993). Thus, the lack of Sag-
induced T-cell proliferation as detected by our RT–PCR(Huang et al., 1981; Ucker et al., 1981). Moreover, presen-
tation of exogenous Sag to T-cells will result in the pro- assay appears to be the key event for limiting MMTV
infection of thymocytes and, ultimately, the mammaryduction of cytokines (e.g., IL-2, -4, and -5) that have been
shown to increase MMTV expression in B-cells (Lund et glands of B6 mice.
al., 1993). Therefore, endogenous sag mRNA induction
would be a bystander effect resulting from mechanisms ACKNOWLEDGMENTS
operating to increase exogenous virus expression.
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